Objective Our aim was to assess risk of Parkinson disease (PD) following traumatic brain injury (TBI), including specifically mild TBI (mTBI), among care recipients in the Veterans Health Administration.
Mild traumatic brain injury (mTBI), or concussion, affects an estimated 42 million people worldwide each year. 1 mTBI is particularly common among athletes 2 and military personnel, 3 and is a growing epidemic among the elderly. 4 There is increasing recognition that mTBI may have long-lasting progressive neurobehavioral consequences 5, 6 including heightened risk of several psychiatric and neurodegenerative diseases. 1, 7 The association between mTBI and risk of Parkinson disease (PD), however, remains unclear.
In 2008, the Institute of Medicine reviewed the literature on the association between traumatic brain injury (TBI) and PD, ultimately concluding that while there was "sufficient evidence" for an association between moderate to severe TBI and a clinical diagnosis of PD, there was only "limited/ suggestive evidence" for an association between mTBI with loss of consciousness (LOC) and a clinical diagnosis PD. 8 Since that time, several studies have assessed risk of PD following mTBI with mixed results. [9] [10] [11] Thus, it remains unclear whether mTBI is associated with increased risk of PD. Furthermore, only one prior small case-control study has assessed risk of PD following mTBI among military veterans and results were inconclusive. 12 To answer this important public health question, we conducted a study of inpatient and outpatient data within the nationwide Veterans Health Administration (VHA) database. Our aim was to determine the risk of PD following any TBI, and specifically following mTBI, among VHA care recipients across the adult age spectrum.
Methods
Standard protocol approvals, registrations, and patient consents This was a longitudinal cohort study. The CTBIE is a nationwide database containing detailed information about TBI sustained by veterans of Operation Enduring Freedom (OEF) and Operation Iraqi Freedom (OIF) who have enrolled in VHA health care. VHA launched the CTBIE program in 2007 13 and has since screened almost all qualifying veterans for TBI.
14 OEF/OIF veterans in the CTBIE database have been referred by any Veterans Administration provider after screening positive on a brief TBI survey. During the CTBIE visit, a neurologist, or other health care provider supervised by a neurologist, administers a comprehensive TBI exposure survey that gathers detailed TBI exposure information including a determination of TBI status and presence and duration of associated symptoms of posttraumatic amnesia (PTA), alteration of consciousness (AOC), and LOC-all of which are recorded in the CTBIE database. The NPCD captures detailed information, including ICD-9 diagnostic codes, about all inpatient and outpatient VHA encounters nationwide. The Vitas Status File database provides up-to-date information about death of VHA care recipients.
To build a cohort of patients with and without TBI, we first identified all patients aged 18 years and older with a diagnosis of TBI in the VHA inpatient and outpatient database (October 2002 to September 2014) and the CTBIE database (October 2007 to October 2014) who did not have a diagnosis of PD, secondary parkinsonism, or dementia at baseline (defined as within 2 years before or 1 year after first TBI diagnosis date; n = 182,634). These patients were classified as "TBI." Next, we identified a 2% random sample of all patients aged 18 years and older with one or more inpatient or outpatient visits in the VHA inpatient and outpatient database (October 2002 to September 2014) who also did not have a diagnosis of TBI, PD, secondary parkinsonism, or dementia at baseline (defined as within 2 years before or 1 year after random selection date; n = 975,277). These patients were classified as "no TBI." Next, we 1:1 age-matched each patient with TBI to a patient with no TBI based on age ± 1 year and nearest index date (defined as TBI diagnosis date or random selection date, respectively). The final age-matched study population consisted of 162,935 patients with TBI and 162,935 patients without TBI (figure 1).
Glossary AOC = alteration of consciousness; CI = confidence interval; CTBIE = Comprehensive Traumatic Brain Injury Evaluation; DoD = Department of Defense; DVBIC = Defense and Veterans Brain Injury Center; HR = hazard ratio; ICD-9 = International Classification of Diseases, Ninth Revision; LOC = loss of consciousness; mTBI = mild traumatic brain injury; NPCD = National Patient Care Database; OEF = Operation Enduring Freedom; OIF = Operation Iraqi Freedom; PD = Parkinson disease; PTA = posttraumatic amnesia; TBI = traumatic brain injury; VHA = Veterans Health Administration.
Definition of TBI exposure and severity TBI exposure was defined either by having a diagnosis of TBI after a comprehensive neurologic assessment (CTBIE) or by having at least one inpatient or outpatient TBI diagnosis (NPCD) from a comprehensive list of ICD-9 codes used by the Defense and Veterans Brain Injury Center (DVBIC) and the Armed Forces Health Surveillance Branch for TBI surveillance. 15 ICD-9 codes were used as these were available during the study period ending in 2014.
TBI severity was defined as "mild" vs "moderate-severe" according to the 2010 Department of Defense (DoD) clinical criteria or the 2012 DVBIC and Armed Forces Health Surveillance Branch ICD-9 criteria. 15 According to the 2010 DoD criteria, mTBI is defined as TBI with LOC of 0 to 30 minutes, AOC of a moment to 24 hours, or PTA of 0 to 24 hours; moderate-severe TBI is defined as TBI with LOC of >30 minutes, AOC of >24 hours, or PTA of >24 hours. ICD-9 codes categorize LOC as none, brief (<1 hour), moderate (1-24 hours), or prolonged (>24 hours). Thus, TBI cases identified through the CTBIE database were classified strictly according to 2010 DoD clinical criteria, while TBI cases identified through the NPCD were classified using DVBIC ICD-9 criteria in which mTBI may include TBI with LOC of 0 to 59 minutes and moderate-severe TBI includes TBI with LOC ≥1 hour. We additionally defined a category of TBI without LOC to be used in the sensitivity analysis described below. In the CTBIE database, TBI without LOC was defined as any TBI with LOC of 0 minutes; in the NPCD, TBI without LOC was coded using only ICD-9 codes for nonpenetrating TBI with specific mention of lack of LOC.
Veterans with more than one TBI-related encounter were classified based on the most severe injury reported during the index year. TBI frequency could not be assessed in this study of nationwide inpatient and outpatient data because multiple TBI-related encounters in the VHA databases may pertain to a single prior TBI event and therefore do not necessarily indicate repeated TBI events. Veterans with undetermined TBI severity were included in the "any TBI" analysis but were not included in the TBI severity analysis.
Definition of PD Incident PD was defined as any inpatient or outpatient diagnosis of ICD-9 332.0 at least 1 year after TBI or index date. Patients with a diagnosis of PD within 2 years before or 1 year after TBI or index date were considered to have PD at baseline and were excluded from the analysis. Patients with secondary parkinsonism (ICD-9 code 332.1) within 2 years before TBI or index date or at any time during follow-up were also excluded from the analysis.
Covariates
Information about demographics and medical and psychiatric comorbidities were obtained from the NPCD. VHA demographic data of age, sex, and race/ethnicity are based on self-report. Education and income strata were derived from zip code at index date coupled to 2000 US Census data. Patients were categorized as living in a zip code in which ≤25% vs >25% of the adult population had completed a college education (bachelor's degree or higher). Patients were also categorized into median income tertiles based on median income for their index zip code calculated separately for patients aged <75 or ≥75 years. Medical and psychiatric comorbidities were considered present if they were coded in an inpatient or outpatient visit on the index date or during the preceding 2 years using standard ICD-9 codes. The following medical and psychiatric comorbidities were included: diabetes mellitus, hypertension, myocardial infarction, cerebrovascular disease, peripheral vascular disease, congestive heart failure, mood disorder (depression, dysthymia, bipolar disorder), anxiety, posttraumatic stress disorder, substance abuse (alcohol, drug), and tobacco use.
Statistical analysis
Baseline characteristics of veterans with and without TBI were compared using t tests for continuous variables and χ 2 tests for categorical variables. Missing data was minimal (total with any missing <5%), and thus, imputation was not performed. Cox proportional hazards models were used to estimate risk of PD diagnosis according to TBI exposure (no TBI vs any TBI) and TBI severity (no TBI vs mTBI or moderate-severe TBI) with censoring at death (from Vital Status File database) or last encounter and using years from TBI or index date as the time scale. Models were adjusted for demographics and medical and psychiatric comorbidities. Cumulative incidence of PD as a function of TBI severity (no TBI vs mTBI or moderate-severe TBI) was also examined graphically. We additionally performed 4 sensitivity analyses. (1) Because clinical criteria of mTBI cap LOC duration at ≤30 minutes, 16 but ICD-9-based categories of mTBI may include some cases of TBI with LOC up to 59 minutes, we performed a sensitivity analysis assessing risk of PD after TBI without LOC. (2) To mitigate reverse causation, we imposed a 4-year lag from TBI or index date to PD diagnosis such that any patient with a diagnosis of PD ≤4 years after TBI or index date was considered to have had PD at baseline and was therefore excluded. A 4-year lag was chosen in order to preserve approximately 50% of the original sample size given that average duration of follow-up of the entire cohort was 4.6 years. After excluding patients with a PD diagnosis ≤4 years after index date and excluding patients without at least one visit >4 years from index date, age matching was repeated for a new cohort size of 82,392 patients with no TBI and 82,392 patients with TBI with average age 48.1 ± 16.4 years in each group and average time of follow-up (entire cohort) 6.8 ± 2.24 years. (3) Because male sex is a risk factor for both TBI and for PD, and thus higher incidence of PD in a TBI-exposed cohort might be partially explained by higher prevalence of male sex, we conducted a sensitivity analysis after excluding all women and including age as an additional covariate in adjusted models. Stratification by sex was not performed because there were insufficient numbers of women in this veteran cohort. (4) To improve the specificity of our ICD-9 diagnosis of PD, we additionally performed a sensitivity analysis after excluding all incident PD cases (and each of their age matches) with only 1 or 2 inpatient or outpatient encounters with a diagnosis of PD (ICD-9 332.0). That is, we only included incident PD cases with at least 3 separate inpatient or outpatient encounters in which they received a diagnosis of PD (ICD-9 332.0).
Data availability
Data for this study were obtained from VHA electronic health records and contain protected health information, including age, scrambled social security number, date of birth, date of death, and dates of medical diagnoses. Therefore, we are unable to share our dataset with other investigators or place it in a repository. Investigators wishing to replicate these analyses may contact the authors to discuss the process of obtaining access to VHA data.
Results
Veterans with and without TBI were well matched for age, with each group having an average age of 47.9 ± 17.4 years. Patients with TBI were more likely to be male, non-Hispanic white, and Hispanic, had higher baseline prevalence of all medical and psychiatric comorbidities assessed, and had higher mortality during follow-up (table 1) .
Average follow-up time across the entire cohort was 4.64 ± 2.79 years. During the study period, 1,462 cases of incident PD were diagnosed, of whom 949 (65%) had prior TBI. Among those diagnosed with PD, those with prior TBI did not differ figure 2 .
Results of the 4 sensitivity analyses were as follows. (1) 
Discussion
In this longitudinal cohort study of 325,870 military veterans receiving care within the nationwide VHA system, we report that prior TBI is associated with an increased risk of being diagnosed with PD over up to 12 years of follow-up and is also associated with a 2-years-earlier age of diagnosis with PD. The magnitude of risk ranged from 56% increased risk after mTBI to 83% increased risk after moderate to severe TBI, even after accounting for a number of potentially important confounders such as demographics, medical comorbidities, and psychiatric disorders. Imposing a 4-year lag, excluding all women, or excluding patients with PD who had fewer than 3 separate encounters with a PD diagnosis did not substantially change these findings. Patients with TBI without LOC, who represent the mildest form of TBI, had a nonsignificant 33% increased risk of PD, although power was low to detect a significant association.
At least 27 prior case-control studies 7,10,17-20 and only 3 prior cohort studies 9, 21, 22 have investigated the association between all-severity TBI and risk of PD. Most of these studies were captured in 2 recent meta-analyses that both reported statistically significant pooled odds ratio of approximately 1.5 7 to 1.6, 17 which is similar in magnitude to our findings. Most, 9,18-20 but not all, 10 studies investigating risk of PD following TBI that were published since these 2 meta-analyses have confirmed a positive association. Some have suggested that risk of PD may be particularly increased when TBI is sustained either during very early 18, 20 or very late life. 9 Few prior studies-including only one cohort study 9 and only one study in veterans 12 -have assessed risk of PD following specifically mTBI. [10] [11] [12] [23] [24] [25] Findings from these studies were mixed likely because of differences in study design, such as heterogeneity in TBI definition, 10 choice of controls, 23 lag between TBI exposure and PD diagnosis, 11 and variable sample size. The prior veteran study was a small case-control study of 93 discordant World War II veteran twin pairs that was interpreted as positive by the authors, 12 negative by this meta-analysis, 26 and was limited by substantial missing LOC duration data, making definitive interpretation difficult. The only prior cohort study to investigate risk of PD following mTBI-our California-wide longitudinal cohort studyidentified a 24% increased risk of PD among older adults with mTBI compared to those with limb fracture. 9 Our prior study, however, was limited by lack of outpatient data, comparison to fracture patients (leading to potential underestimate of magnitude of risk), and restriction to a single US state. Thus, our current study is a rare nationwide cohort study in a combined inpatient and outpatient sample investigating the association between mTBI and risk of PD. Our current study is also the first cohort study to investigate this question in military veterans.
There are several human studies that together provide a compelling biological basis for a causal association between TBI and PD. The neuropathologic hallmark of PD is abnormal accumulation of α-synuclein into Lewy bodies and Lewy neurites. 27 Following severe TBI, α-synuclein may be elevated in the CSF 28 and within injured axons of patients who died of TBI. 29 Severe TBI may also occasionally lead to acute posttraumatic parkinsonism. 30, 31 The combination of TBI and paraquat exposure or certain PD genetic risk alleles synergistically increase risk of PD in a more than additive fashion, providing additional support for a biological mechanism. 32, 33 At least 2 prior studies have reported an association between a history of earlier-life TBI and mild parkinsonian signs on examination later in life that did not necessarily meet criteria for a clinical diagnosis of PD. 34, 35 Lastly, a large autopsy study that pooled data from 3 large longitudinal cohort studies of aging (n = 1,682 brains) has recently identified an association between earlier-life TBI with LOC and later-life Lewy body neuropathology. 34 Consistent with prior cohort studies in veterans and civilians, 9, 35 we identified significantly higher prevalence of medical and psychiatric comorbidities in those with TBI vs those without TBI. In our novel comparison of baseline demographic, medical, and psychiatric characteristics of incident PD cases with and without prior TBI (shown in table 2), we additionally identified several potential risk factors for post-TBI PD that deserve further study, including race/ethnicity and medical/psychiatric comorbidities. The relationships among comorbidities, TBI exposure, and PD diagnosis are complex. Some comorbidities, such as substance abuse and depression, may increase risk of sustaining a TBI 36 or be a direct consequence of TBI. 37, 38 Others may be a consequence of unmeasured behavioral risk factors that may increase risk of both development of chronic diseases and TBI exposure. Still others, such as depression and smoking, may be risk or protective factors for PD 39, 40 or reflect prodromal symptoms of PD. 41, 42 Thus, our models that adjust for all of these comorbidities likely mitigate many important confounders but may also underestimate the full magnitude of risk by adjusting for prodromal features of PD or direct consequences of TBI. The higher mortality we identified among TBI-exposed veterans deserves further study and may additionally lead to underestimation of the magnitude of risk of PD if TBI-exposed veterans are more likely to die before they can be diagnosed with PD. Given the growing evidence for several potentially modifiable risk factors for PD, 43 an important area for future research will be to determine whether improved management of specific highly prevalent comorbidities among TBI-exposed veterans may reduce risk of subsequent PD.
This study has many strengths, including the use of physician diagnosis of TBI and PD, longitudinal cohort design, and large sample size. Our study was sufficiently powered to allow for adjustment for many potential confounders and also to examine the association of TBI and PD stratified by TBI severity of mild vs moderate-severe, though we were underpowered to examine the association between mTBI without LOC and PD. Limitations of this study include the use of ICD-9 codes for a diagnosis of TBI and PD, which may miss some cases, such as TBI with polytrauma or mTBI sustained in the combat theatre, in which TBI is frequently underreported. 44, 45 While ICD-9 diagnosis of PD may be less sensitive and specific than expert consensus clinical diagnosis, we mitigated these limitations by including both inpatient and outpatient data (thereby improving sensitivity) and by demonstrating similar results in our sensitivity analysis requiring at least 3 separate encounters with a PD diagnosis (thereby improving specificity). While this study is limited by an average of 4.6 years of follow-up for the entire cohort, thus limiting our ability to impose an extended lag between TBI exposure and PD diagnosis, 11 the fact that our findings were virtually unchanged after imposing a 4-year lag argues against reverse causation. Furthermore, the CTBIE screening process by definition records historical, rather than incident, TBIs that were sustained during OEF (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) and OIF (2003 OIF ( -2011 . Thus, the actual lag time between TBI exposure and PD diagnosis in this study is likely substantially longer than the lag time between diagnosis dates.
Since 2000, more than 361,000 active duty military personnel have been diagnosed with TBI, of whom 82% sustained mTBI. 46 According to population-based estimates of lifetime exposure to TBI in civilians 47 and veterans, 48 upwards of 40% of the 20 million veterans (e.g., >8 million veterans) alive today likely experienced a TBI at some point in their lives. In this study, we have identified a significant association between TBI, including mTBI, and development of PD in a nationwide cohort of military veterans. This finding has substantial public health implications for our active duty military and veteran populations. Furthermore, because the majority of TBIs sustained by military veterans occur during civilian life either before or after military service, 35 the results of this study may additionally have important implications for civilian and athlete populations. Our findings highlight the critical importance of unraveling mechanisms subserving the association between TBI and PD to inform treatment and prevention of post-TBI PD.
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